Abstract. This study aimed to numerically simulate aerodynamic forces produced by wing motion of small fruit flies maneuvering freely inside a flight chamber. The kinematic data were derived from high-resolution, high-speed video measurements, tracking fluorescent markers on head, body and wings of the animal. We constructed a geometrical model of the fly and applied the kinematic data to simulate free flight. Based on the calculated velocity and pressure fields, we evaluated vorticity and flight forces. Our numerical simulation confirmed experimentally predicted lift enhancing mechanisms such as the leading edge vortex, rotational circulation and wake capture, and thus appears to be a potent tool to study the impact of body motion on forces and moments during the various forms of flight maneuvers.
Introduction
Flying insects are famous for their impressive and unexcelled maneuvering capabilities during territorial and chasing behaviors, rapid avoidance reactions and escape responses. Uncovering the underlying physical principles of these behaviors is a challenging task due to the high dynamics and complexity of unsteady aerodynamic force production in flapping flight. Over the past decade, the mechanisms of force production in insects have been the subject of some rigorous theoretical and experimental investigations, revealing several novel lift enhancing aerodynamic mechanisms such as the leading edge vortex, rotational circulation and wake capture (Dickinson et al. 1999) . The majority of these investigations used mechanical wings flapped by a robotic apparatus (Dickinson et al. 1999 , Ellington et al. 1996 , Maybury and Lehmann 2004 or computational models (Kliss et al. 1989 , Wang 2000 , Sun et al. 2007 , and was performed under hovering flight condition, in which the induced wake only depends on the wings' own motions.
In a freely flying animal, by contrast, the production of vorticity and the shedding of vortical structures in each stroke cycle depend on additional factors such as wake components produced in a preceding half stroke or preceding stroke cycles, flow components resulting from force generation of wings flapping in close distance, changes in fluid velocity at the wings due to the animal's body motion, and external disturbances in the surrounding air. Altogether, these components determine the instantaneous flow regime around a flapping insect wing and thus lift and drag production (Lehmann 2008 , Sane 2003 . Ramamurti and Sandberg (2007) investigated the significance of body motion on force production and frictional damping using three-dimensional computational fluid dynamics simulations (CFD). They applied their programming code to the rapid turning behavior in fruit flies, termed flight saccades. The authors found that the additional flow components due to body rotation produce pronounced drag on the flapping wings that limits turning speed and effectively brakes rotational movements (FCT, flapping counter torque). Similar results were reported for turning flight of birds (cockatoos, Hedrick et al. 2007 (cockatoos, Hedrick et al. , 2009 , highlighting that frictional damping coefficients for roll and yaw are 4 to 6-fold higher in these animals than in airplanes.
The dominant role of frictional damping due to body motion further contrasted a previous study on rotational damping in which mechanical wings mimicked free flight kinematics of fruit flies during saccadic turning (Fry et al. 2003) . In the latter study, the authors ignored body motion during their physical simulation and thus falsely concluded that turning behavior is dominated by inertial moments of the animal body and not by frictional damping due to wing drag. Behavioral studies on tethered fruit flies flying in a virtual-reality flight simulator later demonstrated that low frictional damping overloads the visually-controlled feedbackloop during maneuvering flight, potentially causing body instabilities in free flight (Hesselberg and Lehmann 2007) . The modifications in local flow condition at flapping wings, moreover, change with increasing advance ratio, which is the ratio between forward speed of the animal and wing flapping velocity. In fruit flies, this ratio varies between zero at hovering flight and approximately 0.53 at maximum forward velocity (1.22 ms -1 , wing flapping velocity = 2.29 ms -1 ), altering magnitude and direction of local air flow at the different flight modes. Consideration of wing kinematics and body movements is thus a key factor to understand aerodynamic force production in freely maneuvering animals (Fontaine et al 2009 , Ristroph et al. 2009 , Schützner and Lehmann 2007 .
This book chapter focuses on research funded by the National-Priority-Program SPP1207 of the German Science Foundation, presenting an approach towards the fundamental question of how body motion in an insect alters wake structure and unsteady aerodynamic force production. This is demonstrated by high-speed video measurements on wing and body motion of freely maneuvering 1.2 mg fruit flies
